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In this work, the stability and aggregation behaviour of CeO2 nanoparticles (NPs) was investigated to predict
their fate in the agricultural environment. For this, the aggregation kinetics of CeO2 NPs was studied under
varying pH, ionic strength (IS), dissolved organic matter (DOM) and carbonate concentrations in the
presence of clay. Furthermore, different types of irrigation water have been used to check the fate of
CeO2 nanoparticles (NPs) in complex aqueous matrices. The results show that critical coagulation
concentration (CCC) values obtained for CeO2 NPs, i.e. 26.5 mM and 7.9 mM for NaCl and CaCl2
respectively, drastically decreased to 16.2 mM and 1.87 mM in the presence of bentonite clay colloids,
which may lead to their deposition within the soil matrix. However, the presence of bicarbonate ions
(0.1–2 mM) along with DOM (1–20 mg L1) may result in their stabilization and co-transport of CeO2
NPs with clay in water bodies having low ionic strength. It was also observed that the negative charge of
a bentonite clay suspension was completely reversed with an increase in CeO2 concentration by 37.5
times. The critical charge reversal concentration value was 284.4 mg L1 in Milli-Q water whereas values
were observed to be 680 mg L1 in synthetic-soft water, followed by natural river water (867 mg L1)
and synthetic-hard water (910 mg L1). The synergistic effect of temperature and ionic strength was
observed on the aggregation behaviour of CeO2 NPs in environmental water samples of varying
composition.Environmental signicance
Extensive utilization of metal oxide nanoparticles (MONPs) in the agricultural sector is a serious concern and CeO2 nanoparticles are one of them. The stability
studies of MONPs are important to predict the behaviour of MONPs in the agricultural environment. The stabilization of these nanoparticles in the environment
enhances their transportation and bioavailability, while their aggregation leads to deposition in sediments. The stability of MONPs is governed by various
environmental factors such as ionic strength, pH, organic matter, and natural colloids studied in this study. The results show that the ionic strength and clay
colloids are the major driving factors which control the aggregation behaviour of CeO2 NPs in the soil environment.1. Introduction
Nanotechnology applications in the eld of agriculture have
emerged in the last decade due to increased demand for crop
production for human consumption as well as for animal
feeding.1 There are many applications of these emergingDepartment of Earth Sciences, Indian
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020, 22, 84–94technologies in the agricultural sector that have been reported
so far.2 Hence, the use of nanotechnology in different forms
such as nano-agrochemicals, nano-sensors, and nano-amend-
ments in agriculture enables a direct route of exposure for
nanoparticles (NPs) to the soil system. Various Metal Oxide
Nanoparticles (MONPs) such as CuO, Ag, ZnO, and TiO2 NPs
that possess fungicidal and bacterial properties are used as
fungicidal agents.3–5 Use of Fe, Mn, Zn, and Mo as nano-fertil-
izers has also been reported.6,7 Furthermore, nano-CeO2 has
also been explored for various agricultural applications. For
example, Wu et al. investigated the capability of CeO2 to
improve salinity tolerance in Arabidopsis by reducing ROS and
–OH radicals that lack enzymatic scavenging pathways.8 The
application of nano-ceria also showed a suppression of fusa-
rium wilt and improved the chlorophyll content in tomato
plants.9 The effect of CeO2 NPs on yield and growth of wheat hasThis journal is © The Royal Society of Chemistry 2020



































View Article Onlinebeen studied, and the results showed that it had increased the
plant growth, shoot biomass and grain yield by 9.0%, 12.7%,
and 36.6%, respectively.10 An increase in growth and an
enhanced photosynthesis rate of soybeans (Glycine max (L.)
Merr.) by 54% have also been reported upon the application of
bare nano-ceria at a concentration of 100 mg kg1.11 Gui et al.
also reported the enhanced growth of lettuce (Lactuca sativa) in
soil treated with 100 mg kg1 of CeO2 NPs.12 The CeO2 NPs were
used as both a pesticide and growth promoter; however, the
mechanism of action is not clear yet. Therefore, in our study, we
have considered CeO2 NPs as a nano-pesticide due to their
antifungal properties. Apart from the direct use of CeO2 NPs in
the agriculture sector, anthropogenic sources such as their use
in painting, biomedicine and as a catalyst also contribute
towards the addition of CeO2 NPs in an agricultural soil
environment.13,14
This expansion of the use of CeO2 NPs raises a concern about
their behaviour and toxicity in the environment. Many phyto-
toxicity studies are going on to study the uptake and trans-
location of these NPs in the food chain,12,15–19 but still the
knowledge of fate, transport, potential environmental risk, and
bioavailability of the MONPs are not enough to understand
their fate in the soil environment. Many previous studies have
examined the fate of different MONPs under different condi-
tions and explained the role of various parameters that govern
the behaviour of NPs in the environment. For example, Fang
et al. observed less retention of TiO2 NPs in soils having low
ionic strength and larger grain size, while high retention was
observed in soils with a higher clay content and salinity.20
Baalousha et al. studied the effect of pH and natural organic
matter (NOM) on the aggregation of iron oxide nanoparticles
and observed that a high concentration of natural organic
matter caused the disaggregation of iron oxide nanoparticles.21
The disaggregation was caused due to the sorption of NOM on
the surface of nanoparticles and increased surface charge.
Keller et al. also observed that the electrophoretic mobility of
MONPs in aqueous media highly depends on the ionic strength
and presence of NOM.22 Quik et al. also showed that natural
colloids play an important role in the aggregation of nano-
particles and their sedimentation. Apart from natural colloids,
various water parameters like pH, ionic strength and the pres-
ence of organic matter also control the aggregation behaviour of
nanoparticles in an aquatic environment.23 Fang et al. also
studied the effect of similarly charged co-existing nanoparticles
on the aggregation and stability of engineered nanoparticles in
an aqueous environment and found that their co-existence
enhanced the stability of both the NPs in the system, which
increases their risk of exposure to the environment.
The knowledge from previous studies suggests that the
environmental behaviour of metal-based nano-pesticides plays
a very crucial role in determining their fate, mobility, toxicity
and bioavailability in the environment. The behaviour of these
NPs in the soil environment is governed by their unique prop-
erties as well as the properties of soil (i.e., soil texture, organic
matter, pH, the roughness of soil grains, etc.) and soil pore
water chemistry where they are being applied.24–27 The clay
fraction and organic matter of soil control most of itsThis journal is © The Royal Society of Chemistry 2020properties, i.e., water retention, ion exchange, metal adsorp-
tion–desorption, etc.28,29. Apart from this, clay colloids dispersed
in soil pore water may also affect the aggregation behaviour of
NPs in soil via hetero-aggregation, similar to natural colloids
present in the aqueous environment.
However, these studies have examined the behaviour of NPs
either under controlled conditions in the presence of individual
parameters mentioned above or with most complex systems, i.e.
natural environmental samples. Moreover, the behaviour of
CeO2 NPs, in particular, is least studied. Therefore, in the
present work, we have evaluated the sequential effect of various
environmental parameters such as ionic strength, bicarbonate
ions, dissolved organic matter (DOM), and inorganic clay
colloids in combination, on the aggregation behaviour of CeO2
NPs under controlled environment. This study has also exam-
ined the aggregation kinetics of CeO2 NPs in different envi-
ronmental water samples and data were interpreted based on
experiments done in the controlled environment. The effect of
temperature on the aggregation behaviour of NPs along with
other environmental factors has also been considered, which
was not addressed in previous studies. The effect of bicarbonate
ions individually and in combination with organic matter and
bentonite clay colloids has also been studied. Note that bicar-
bonate ions play an important role in controlling the speciation
and pH of the ionic species and aquatic system respectively,
which was also not addressed earlier.
Clay colloids, commonly present in natural aqueous
systems, are negatively charged and have the property of
adsorption of positively charged ions (toxic metals) and other
reactive particles like metal oxides, etc.30 which may change or
at enhanced metal accumulation (overloading of toxic metals)
even reverse the overall surface charge in the colloidal system.
To address such a situation, Critical Charge Reversal Concen-
tration (CCRC) (i.e., concentration of MONPs required to reverse
the surface charge of clay particles) was obtained. For that,
change in the zeta potential of colloids as a function of CeO2
concentration was studied. On the other hand, the type of water,
used in irrigation, can also dramatically change the fate of these
nanoparticles; therefore, the aggregation behaviour and charge
properties were studied in various irrigation water types, i.e.,
natural river water (NW), synthetic freshwater (SW), and
synthetic hard water (HW).
Overall, this study reveals the importance of environmental
parameters to understand the complete fate of CeO2 nano-
particles in complex systems.
2. Materials and methods
2.1 Materials
A CeO2 NP dispersion (10 wt%) and humic acid (HA) were
purchased from Sigma-Aldrich. Sodium chloride, calcium
chloride, hydrochloric acid (36%), sodium hydroxide and
sodium bicarbonate were procured from Merck. Extra pure
bentonite clay was obtained from Loba Chemie Pvt. Ltd.
SW and HW were prepared according to the protocol given
by Smith et al.31 and physio–chemical parameters are provided
in Section S1 of the ESI.† NW was collected from the HooghlyEnviron. Sci.: Processes Impacts, 2020, 22, 84–94 | 85



































View Article OnlineRiver, West Bengal, India and in situ water quality parameters
such as pH, total dissolved solids, dissolved oxygen and
conductivity were measured immediately (Section S2 of the
ESI†). Water samples were ltered by using a 0.22-micron nylon
lter membrane at the sampling location and stored at 4 C
before utilization.2.2 CeO2 and bentonite NP suspension preparation
The amount of nano-CeO2 necessary to prepare a stock
concentration of 1000 mg L1 was sonicated in 100 mL of Milli-
Q water at 25 C for 30 minutes in a water bath.
To study the fate of CeO2 nanoparticles in the presence of
environmentally relevant inorganic clay colloids, bentonite clay
was used. To prepare the bentonite clay colloidal suspension,
purchased clay powder was puried from soluble and coarse
minerals to have better control of the ionic strength in the
dispersions. For purication purpose, 5 g of clay was dispersed
in 1 L Milli-Q water and stirred overnight to get a homogeneous
solution. The solution was kept for 72 hours in the dark to
settle; aer that the sedimented fraction was rejected and the
supernatant was centrifuged (Thermo Scientic Sorvall ST16R)
for 30 minutes at 4800 rpm to get a homogenous nano-sized
fraction of clay. Gravimetric analysis of the resultant superna-
tant was performed to obtain the concentration of the clay
colloid suspension. The concentration of colloidal particles was
estimated to be 800 mg L1 and used as a stock for further
experiments.2.3 CeO2 and bentonite NP suspension characterization
The hydrodynamic diameter and zeta potential of NPs in solu-
tion were measured by using a Malvern Zetasizer (Nano ZS90).
Field emission gun transmission electron microscopy (FEG-
TEM) using a JEOL (JEM 2100F model) with a 200 kV electron
source was used to conrm the primary size and morphology of
CeO2 nanoparticles. CeO2 NPs were sonicated for 30 minutes
and drop casted on a carbon-coated 300 mesh copper grid to
obtain TEM images. Field emission scanning electronFig. 1 (a) Hydrodynamic diameter of CeO2 NPs and bentonite clay collo
86 | Environ. Sci.: Processes Impacts, 2020, 22, 84–94microscope (Carl Zeiss SUPRA 55VP FESEM) monographs were
obtained by drop-casting the bentonite clay suspension on
a silicon wafer, having a concentration of 80 mg L1 dispersed
in Milli-Q water.2.4 Preparation of background solutions
The required amount of NaCl, CaCl2, NaHCO3, and HA was
added to Milli-Q water to prepare a stock concentration of 500
mM, 200 mM, 10 mM and 36 mg L1 respectively and the pH of
the solutions was adjusted to 6 by using 0.1 M NaOH and 0.1 M
HCl. In the case of HA, the pH of the solution was rst adjusted
to 11 for the complete dissolution of HA and then the suspen-
sion was ltered with a 0.45-micron cellulose acetate lter
membrane, and the solution was brought back to pH 6. A TOC
analyzer was used to measure the concentration of organic
matter (OM) in HA stock solution.2.5 Experimental design
The Dynamic Light Scattering (DLS) technique was used to
study the interaction of CeO2 NPs with bentonite clay colloids
under varying environmental parameters. The aggregation
kinetics of CeO2 in the presence and absence of bentonite clay
colloids was studied by estimating the average hydrodynamic
diameter as a function of time by using a Malvern Zetasizer
(Nano ZS90). A disposable cuvette was used to take measure-
ments. To study the effect of monovalent and divalent ions,
different concentrations of NaCl and CaCl2 were added to
a solution containing CeO2, mixed and placed immediately in
the Zetasizer to start the measurements. The hydrodynamic
diameter was measured at a xed angle of 90 every 10 seconds
continuously for 5 minutes. Similar measurements were taken
in the presence of bentonite clay colloids.
Bicarbonates and organic matter are other important envi-
ronmental factors that inuence the fate of nanoparticles.
Therefore the effect of environment relevant concentrations of
bicarbonates and DOM that range from 0.1–5 mM and 1–10 mg
L1 respectively in natural water systems32,33 was also studied.ids as a function of time and (b) zeta potential as a function of pH.
This journal is © The Royal Society of Chemistry 2020



































View Article OnlineNaHCO3 and HA were used to represent bicarbonates and DOM
respectively and their effect on the aggregation of CeO2 in the
presence and absence of bentonite was studied similarly to that
mentioned above.
The aggregation kinetics of CeO2 in the presence of
bentonite clay colloids in natural aqueous media i.e., NW, SW,
and HW was also studied under varying temperature. Analysis
of variance (ANOVA) was performed to understand the signi-
cant difference in the aggregation behaviour of CeO2 NPs under
varying temperature and in different water samples.
CCRC has also been obtained in different aqueous solutions,
i.e., Milli-Q, NW, SW, and HW. For that, the pHpzc (pH at which
the zeta potential at the surface of a particle equals to zero) of
bentonite clay colloids under the varying concentration of CeO2
NPs was estimated by using a Zetasizer along with an accessory,
MPT-2 multi-purpose pH titrator (Malvern).
2.6 QA/QC
To conrm the QA and QC of the experiments, the aggregation
kinetics of CeO2 in the presence of bentonite clay colloids
without any salt was also studied similarly to that mentionedFig. 2 (a) TEM image of CeO2 NPs and (b) SEM image of bentonite clay
Fig. 3 Zeta potential of the bentonite clay suspension (8 mg L1) as a fu
This journal is © The Royal Society of Chemistry 2020above in the experimental design. The effect of various envi-
ronmental parameters (ionic strength, carbonates, and organic
matter) on CeO2 and bentonite clay colloids individually was
also studied. All the experiments were performed in triplicate.
Until specied, the concentration of CeO2, clay colloids, pH,
and temperature were kept constant throughout the experi-
ment, i.e. 10 mg L1, 80 mg L1, 6, and 25 C respectively.3. Results and discussion
3.1 Characterization of CeO2 NPs and bentonite clay colloids
The hydrodynamic diameters of CeO2 and bentonite clay
colloids were 110  5 nm and 135  8 nm respectively. The
pHpzc curve shows that CeO2 has a point of zero charge at pH 8
and it is positively charged below the pHpzc value (Fig. 1),
whereas bentonite clay colloids do not have any pHpzc value for
the whole studied pH range (i.e., 3 to 10) and were permanently
negatively charged which is the case with naturally present
colloids in aqueous systems.34
The size and morphology of the CeO2 NPs were also analyzed
using transmission electron microscopy (Fig. 2a). Thecolloids.
nction of (a) CeO2 concentration and pH, and (b) CeO2 concentration.
Environ. Sci.: Processes Impacts, 2020, 22, 84–94 | 87



































View Article Onlinemicrograph shows the crystalline nature of the particles with
a cubic shape. The particle size was observed to be <50 nm,
which was smaller than the value measured by DLS (i.e. 110  5
nm). This size difference can be explained by the fact that the
DLS technique measures the hydrodynamic diameter of the
particle or bi-particle homo-aggregates in the suspension, while
TEM measures the projected size.3.2 Effect of CeO2 concentration on the suspension stability
and charge reversal of clay colloids
To obtain the CCRC value in a clay–CeO2 suspension system,
CeO2 concentration was varied by keeping clay concentration
constant i.e. 8 mg L1 and pH titration of the clay–CeO2
suspension was performed for pHpzc. The results show that an
increment in the CeO2 concentration resulted in increasing zeta
potential of the clay–CeO2 suspension. The pHpzc of the
suspension was found at pH ¼ 4.4 in a 1 : 25 clay : CeO2 ratio
(Fig. 3a). pHpzc further shied toward the alkaline side as we
increased the CeO2 concentration in the suspension. This is
mainly due to the positive surface charge of CeO2 NPs (pHpzc ¼
8), which tries to balance the negative charge of clay surfaces
and the oversaturation of clay colloids by CeO2 resulted in
positive surface charge of the colloidal suspension.
To conrm the CCRC values obtained by varying the CeO2
concentration and pH, only the CeO2 concentration was varied
(0–400 mg L1) by keeping the clay concentration (8 mg L1)
and pH ¼ 6 constant. The required concentration of CeO2 to
have the charge reversal on the clay surface at 8 mg L1 in Milli-
Q water was found to be 284.4 mg L1 at pH 6 (Fig. 3b) which
nearly corresponds to a clay : CeO2 ratio of 1 : 37.5 at pH 5.8
(Fig. 3a). Therefore, to mimic near-natural conditions, 10-times
higher concentration, i.e. 80 mg L1, of clay colloids and nearly
25 times lower concentration, i.e. 10 mg L1, of CeO2 NPs were
used for further stability experiments.Fig. 4 Stability of the NP suspension as a function of NaCl and CaCl2
concentration: (a) CeO2 NPs, (b) bentonite clay colloids, and (c) CeO2
NPs in the presence of clay colloids.3.3 Effect of ionic strength on the stability of CeO2 NPs in
the absence and presence of bentonite clay colloids
The rate of aggregation for CeO2 NPs in the absence and pres-
ence of clay colloids was studied over a range of 5–30 mM NaCl
and 1–10 mM CaCl2 at pH 6 where the zeta potential of CeO2
NPs and clay was +20  2 mV and 38  4 mV respectively
(Fig. 1b). CCC values obtained for CeO2 NPs in the absence of
clay colloids were found to be 26.5 mM and 7.9 mM for NaCl
and CaCl2, respectively, showing higher aggregation in the
system with increasing ionic strength and valency of ions. The
observed results can be explained on the basis of the effect of
the concentration and valency of ionic species on the inverse
Debye-length (k1) or double layer thickness and the effect of
Debye length on electrostatic repulsion.35 The magnitude of k1
is proportional to the concentration and the valence charge of
the ions present in the solution.36,37 The Debye length decreases
as the concentration and valence charge of ions increase (i.e. z¼
1 for Na+ and z ¼ 2 for Ca2+) which nally results in the
reduction of electrostatic repulsion potential and leads to
aggregation of the particles in the system as observed (Fig. 4a).88 | Environ. Sci.: Processes Impacts, 2020, 22, 84–94In the presence of clay colloids, the CCC value has shied
from 26.5 mM to 16.2 mM and 7.9 mM to 1.87 mM for NaCl and
CaCl2 respectively (Fig. 4). As inferred from the obtained CCC
values, in the presence of clay colloids, it can be ruled out that
the homo-aggregation of CeO2 NPs and bentonite clay colloids
cannot be the only possible phenomenon, because the CCC
value obtained individually for both CeO2 NPs and bentonite
clay colloids was higher as compared to the CCC value obtained
in the combination of CeO2 NPs and bentonite clay colloids.This journal is © The Royal Society of Chemistry 2020
Fig. 5 (a) TEM images of CeO2 in the presence of clay colloids showing hetero-aggregation, (b) STEM image of CeO2 in the presence of clay
colloids showing hetero-aggregation, and (c) elemental mapping of CeO2 in the presence of clay colloids showing hetero-aggregation.



































View Article OnlineThe decrease in the CCC value for both the salts in the presence
of bentonite clay colloids can be attributed to the hetero-
aggregation in the system that can be seen from TEM images
(Fig. 5). Hence hetero-aggregation can be another mechanism
that resulted in a decrease of the CCC value of these particles.
Hetero-aggregation of CeO2 NPs in the presence of clay colloids
takes place due to collision between NPs and clay colloids.
Though both faces and edges of clay particles contribute to
hetero-aggregation in the system. But, as the faces of clay
particles were negatively charged and CeO2 NPs possess positive
charge on their surface at pH 6 and considering the high surfaceFig. 6 Aggregation kinetics of CeO2 NPs with different concentrations o
of clay colloids. The red dotted lines represent the initial size of blank C
This journal is © The Royal Society of Chemistry 2020area of faces to edges of clay particles, it can be speculated that
clay faces are the primary cause of hetero-aggregation in the
system.38,39 Further details of CCC calculation have been
provided in Section S3 of the ESI.†3.4 Effect of bicarbonates and organic matter on the stability
of CeO2 NPs in the absence and presence of bentonite clay
colloids
The complex matrix effect on the stability and aggregation of
the CeO2 NPs at a concentration of 10 mg L
1 in the absencef bicarbonates (a) in the absence of clay colloids and (b) in the presence
eO2 NPs as a reference to compare the aggregation.
Environ. Sci.: Processes Impacts, 2020, 22, 84–94 | 89



































View Article Onlineand presence of clay colloids was studied. The presence of
bicarbonate ions induces a negative charge in the system
causing CeO2 NPs to aggregate while the effect is opposite due
to increased repulsion in the presence of negatively charged clay
particles.
The results show the aggregation of CeO2 NPs at a concen-
tration >0.1 mM bicarbonates in the absence of clay colloids
while the presence of clay colloids reduces the effect of bicar-
bonate ions on the aggregation of CeO2 NPs. This behaviour
may be attributed to the faster covering of the CeO2 surface with
negatively charged bicarbonate ions, which can create electro-
static charge repulsion between clay and CeO2 particles (Fig. 6).
On the other hand, the presence of different environment
relevant concentrations of HA, i.e. 1, 3, 5, 10 and 20 mg L1,
generally stabilizes all the particles in the absence of clay
colloids. The presence of clay colloids without HA initially
caused aggregation because of electrostatic attraction between
oppositely charged particles. But, the addition of humic acid
even at a very low concentration, i.e. 1 mg L1, stabilizes both
the particles (Fig. 7). The stabilization can be attributed to the
attachment of humic acid to the particle surface via adsorption
or hydrophobic interaction, which increases the steric repulsion
and electrostatic repulsion between the particles, thus
providing a stabilizing effect.40
The presence of both i.e. HA at a concentration of 1 mg L1
and bicarbonate ions with varying environment relevantFig. 7 Aggregation kinetics of CeO2 NPs with different concentrations of
clay colloids. The red dotted lines represent the initial size of blank CeO
90 | Environ. Sci.: Processes Impacts, 2020, 22, 84–94concentrations together represents a more complex system
where a lower concentration of bicarbonate ions (i.e. <0.5 mM)
resulted in the aggregation of the CeO2 nanoparticles in the
absence of clay and at higher concentration stabilization was
observed (Fig. 8a), whereas in the presence of clay colloids, the
system got stabilized in the whole concentration range (i.e. 0.1–
2 mM) of bicarbonate ions (Fig. 8b).
The suspended particulate matter (e.g. clay colloids), bicar-
bonates and organic matter which are commonly found in
natural surface water systems at average concentrations of 80–
100 mg L1, 0.1–5 mM, and 1–10 mg L1 respectively32,33,41 were
logical parameters to test the behaviour of NPs in the environ-
ment and used in the present study. The results show that
under the above-mentioned environmental scenario, the
applied CeO2 may get stabilized and further pose a threat to the
aquatic environment because of the possibility to migrate and
may become more bioavailable.
3.5 Effect of various types of irrigation water
3.5.1 Effect of CeO2 concentration on the charge reversal of
clay colloids in complex aqueous media. To see the behaviour of
CeO2 NPs in natural aquatic matrices, NW, SW and HW were
used to get the CCRC or required concentration of metal oxides
above which natural clay colloids can behave as positively
charged particles. As indicated in Fig. 9, the estimated CCRC
values were found to be 680 mg L1 for SW, 867 mg L1 for NW,humic acid (a) in the absence of clay colloids and (b) in the presence of
2 NPs as a reference to compare the aggregation.
This journal is © The Royal Society of Chemistry 2020
Fig. 8 Aggregation kinetics of CeO2 NPs with humic acid (1 mg L
1) and different concentrations of bicarbonates (a) in the absence of clay
colloids and (b) in the presence of clay colloids. The red dotted lines represent the initial size of blank CeO2 NPs as a reference to compare the
aggregation.



































View Article Onlineand 910mg L1 for HW. The order of CCRC values, i.e. SW < NW
< HW, can be attributed to the presence of bicarbonate ions at
concentration in the same order, i.e. SW (0.3 mM) < NW (1.2
mM) < HW (2 mM). As seen earlier, bicarbonate ions may attach
faster to the surface of CeO2 NPs causing electrostatic repulsionFig. 9 Zeta potential of the clay suspension (8 mg L1) as a function of
CeO2 concentration in different types of irrigation water.
This journal is © The Royal Society of Chemistry 2020and stabilization in the system. Therefore, a higher concentra-
tion of CeO2 is required to reach the CCRC in the case of HW.
Data reveal that under natural environmental conditions, the
application of CeO2 NPs at higher concentration in the powder
form may result in the release of these particles in a high
amount which in-turn may cause the charge reversal of clay
particles in close proximity, leading to nutrient loss and
desorption of adsorbed metal ions from the surface of clay.
3.5.2 Aggregation kinetics of CeO2 NPs in different
aqueous samples. The aggregation kinetics of the colloidal
suspension in different environmental water samples was also
determined at varying temperatures (15 C, 25 C and 35 C). A
statistically signicant difference (p < 0.05) was observed in the
aggregation behaviour of CeO2 NPs under varying ionic strength
of different water samples and temperature. The result shows
that the aggregation of the colloidal suspension increases with
increasing IS of SW, HW and NW, independent of temperature.
This is mainly due to the fact that an increase in ionic strength
decreases the effective repulsion between the charged colloidal
particles, resulting in faster aggregation as we have seen earlier.
Maximum aggregation was found in the case HW and NW due
to the presence of a high concentration of divalent cations (i.e.
1.23 mM and 0.46 mM of Ca2+ and 0.41 mM and 0.22 mM of
Mg2+ for HW and NW respectively (ESI Tables 1 and 2†)). AEnviron. Sci.: Processes Impacts, 2020, 22, 84–94 | 91
Fig. 10 Aggregation of CeO2 NPs in the presence of bentonite clay
colloids in environmental water samples as a function of temperature
(*where, 15, 25 and 35 are temperatures in C and SW stands for
synthetic soft water, HW for synthetic hard water and RW stands for
river water).



































View Article Onlinesignicant effect of temperature on aggregation was observed (p
< 0.05) at high ionic strength.42 An increase in temperature
resulted in a slight increase in aggregation due to an increase in
the collision frequency between the particles, which leads to
aggregation in the case of particles having low surface potential
(Section S4 of the ESI†).43 Data reveal that under natural envi-
ronmental conditions, the application of bulk CeO2 may result
in the release and co-transport of these particles into the envi-
ronment as we can see that in the case of SW there is not much
aggregation of these particles (i.e. particle size reaches
a maximum of 500 nm) (Fig. 10). So, they may tend to remain
suspended and get co-transported in the natural water system
where the ionic strength is not very high.4. Conclusion
Considering the exposure assessment of metal oxides as an
emerging nanopesticide in the agricultural environment, this
study has included the sequential and combined effect of ionic
strength, bentonite clay colloids, bicarbonate ion concentra-
tions and organic matter on the aggregation behaviour of CeO2
NPs. The obtained results were used to explain the aggregation
behaviour of CeO2 NPs in environmental water samples as well.
The impact of bicarbonate ions and temperature on the aggre-
gation kinetics of CeO2 NPs in environmental water samples
was considered for the rst time. The results showed that ionic
strength was the major driving factor for the aggregation of
CeO2 NPs under different environmental conditions. The
aggregation was higher at high ionic strength as the CCC value
obtained for the divalent salt (7.9 mM) was less than that of the
monovalent salt (26.5 mM). In the presence of bentonite clay
colloid, the CCC value was further decreased for both divalent
(1.8 mM) and monovalent salts (16.2 mM) due to hetero-
aggregation in the presence of clay colloids. Besides, bicar-
bonate ions at a concentration of 0.5 mM also caused aggre-
gation of CeO2 NPs in the system, but an increased
concentration of bicarbonates (0.75 mM) caused restabilization92 | Environ. Sci.: Processes Impacts, 2020, 22, 84–94of the CeO2 NPs. However, the steric repulsion in the presence
of HA caused stabilization of CeO2 NPs at a concentration of 1
mg L1, but the stabilization effect of HA was reduced in the
presence of bicarbonate ions at a concentration of 0.1 mM in
the system, whereas the presence of clay colloids in combina-
tion with bicarbonate ions and HA dominated the effect of both
bicarbonates and HA and caused stabilization of CeO2 NPs in
the system even at 0.1 mM concentration of bicarbonate ions
where aggregation was observed in the absence of clay colloids.
However, the presence of a high concentration of CeO2 (>37.5
times the clay concentration) caused charge reversal in the
system due to the adsorption of CeO2 NPs on the surface of clay
colloids. Similar results were obtained for the aggregation
kinetics of CeO2 NPs in the environmental water samples. The
aggregation of CeO2 followed a sequence as: NW > HW > SW,
which was directly correlated with the ionic strength of different
water samples. A signicant effect of temperature was observed
on the aggregation kinetics of CeO2 NPs at higher ionic strength
because an increase in temperature affects the kinetic energy of
the particles in the system. So, we can conclude that in the soils
having higher ionic strength in the presence of clay and organic
matter, the CeO2 NPs may remain bound to soil. But, if they
enter different water bodies due to surface runoff or inltration,
where ionic strength is lower than the CCC value of the CeO2
particles, there is a higher tendency that these formulations get
stabilized and can become more mobile and bioavailable. The
application of these NPs in high concentration can be more
dangerous as it can result in charge reversal of the naturally
present clay colloids in the environment, which in turn can
result in nutrient loss and desorption of adsorbedmetal ions on
the clay surface. The obtained results are still not enough to
determine the complete fate of nanopesticides in the environ-
ment but they dictate the importance of various environmental
parameters in determining the fate of agricultural
nanocomposites.
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34 E. Tombácz and M. Szekeres, Colloidal behavior of aqueous
montmorillonite suspensions: the specic role of pH in the
presence of indifferent electrolytes, Appl. Clay Sci., 2004, 27,
75–94.
35 F. Abdolahpur Monikh, A. Praetorius, A. Schmid, P. Kozin,
B. Meisterjahn, E. Makarova, T. Hofmann and F. von der
Kammer, Scientic rationale for the development of an
OECD test guideline on engineered nanomaterial stability,
NanoImpact, 2018, 11, 42–50.
36 J. H. Adair, E. Suvaci and J. Sindel, in Encyclopedia of
Materials: Science and Technology, ed. K. H. J. Buschow, R.
W. Cahn, M. C. Flemings, B. Ilschner, E. J. Kramer, S.
Mahajan and P. Veyssière, Elsevier, Oxford, 2001, pp. 1–10,
DOI: 10.1016/b0-08-043152-6/01622-3.
37 R. A. French, A. R. Jacobson, B. Kim, S. L. Isley, R. L. Penn
and P. C. Baveye, Inuence of Ionic Strength, pH, and94 | Environ. Sci.: Processes Impacts, 2020, 22, 84–94Cation Valence on Aggregation Kinetics of Titanium
Dioxide Nanoparticles, Environ. Sci. Technol., 2009, 43,
1354–1359.
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